A high-performance broadband polarization-independent directional coupler is designed by using asymmetric-waveguides configuration on a silicon-on-insulator platform. Through the design of cascaded directional couplers, the coupling characteristics of the light with the orthogonally polarized transverse electric (TE) and transverse magnetic (TM) can be manipulated, so that the coupling strength could be equivalent between TE and TM polarizations within an ultra-broadband. Couplers with 50% splitting ratio are designed and simulated for operating in the wavelength range from 1450 nm to 1650 nm for both polarizations. Within the 100 nm wavelength range from 1500 nm to 1600 nm, the deviations of splitting ratio for TE polarization and TM polarization are ±3.3% and ±6.2%, respectively. And within the 200 nm wavelength range from 1450 nm to 1650 nm, the deviations for TE polarization and TM polarization are ±9.0% and ±7.8%, respectively. The footprint of this polarization-independent directional coupler is only 21 μm × 1.6 μm.
Introduction
Silicon-on-insulator (SOI) is considered to be an attractive platform for developing densely integrated optical devices using mature CMOS technology, which makes it possible to implement monolithic optoelectronic integrated circuits [1] . In addition, the high refractive index contrast between Si and SiO 2 provides a strong optical limit, which makes the SOI waveguide has a small size. However, a large difference in refractive index also causes birefringence of the waveguide. Thus far, most relevant studies are valid for only a specific type of polarization [2] - [7] .
The directional coupler (DC) is one of the most basic components in integrated photonic circuits and plays an important role in many applications, such as power splitters [3] , [4] and Mach-Zehender interferometers (MZIs) [5] - [7] . However, conventional DCs suffer from polarization-dependent problems in the SOI. The coupling lengths of TE and TM polarizations are quite different, such that the output power of the two polarizations are not equal under a particular coupling length, which limits the polarization-independent power splitting ratio in silicon photonic integrated circuits.
The incident light typically contains both polarization states. If the input optical signal is oriented in a different polarization, the characteristics of the device may vary, thereby eliciting an unintended response. One solution is to use polarization diversity schemes [8] . The incident light of dualpolarization is separated by using the polarization beam splitters (PBSs) [9] - [15] assisted with a polarization rotator (PR) [16] - [18] so that the DCs could work at a single polarization state. However, such approaches will increase the system complexity, the device size and additional losses. In order to reduce the complexity and size, designing a polarization-independent DC is attracting more and more attention. Another solution is based on the polarization-independent DCs with special waveguide structure, such as slot waveguides [19] and subwavelength-grating structures [20] , [21] . The polarization-independent DC has the same splitting ratio for both polarization. The DC based on the bending slot waveguides requires a large radius to reduce propagation losses since the bending slot waveguide is sensitive to the bend radius. The DC based on the subwavelengthgrating structure will have a good performance of the polarization-independence, but the design process is more complicated. More importantly, these polarization-independent DCs only work in a narrow bandwidth.
Here, we propose and simulate a novel device with two-stage cascaded asymmetric-waveguide DCs to realize a broadband polarization-independent DC. We first designed a broadband low loss DC with an asymmetric-waveguide structure for TE polarization. Then we cascaded a nano-slot DC with an asymmetric-waveguide structure behind the first DC. The nano-slot DC with an asymmetricwaveguide structure is similar to PBS and only affects the TM polarization. Benefited from this design, our device is composed to achieve polarization-independence while having a wide band from 1400 nm to 1600 nm, unlike other polarization-independent DCs which have been reported. Coupler with 50% splitting ratio is designed for both polarizations in this paper. The footprint of the device is only 21 μm × 1.6 μm.
Structure Design and Working Principle
Our broadband polarization-independent DC is based on 220 nm thickness of SOI waveguides. The oxide cladding and the buried-oxide layer are 3-μm thickness of SiO 2 . The schematic structure of the polarization-independent DC is shown in Fig. 1(a) , which consists of the TE section, connected section and the TM section. Fig. 1(b) corresponds to the TE section of Fig. 1(a) , consists of a symmetric section followed by an asymmetric section followed by the second symmetric section, where linear tapered waveguides are used to connect the asymmetric section to the symmetric section. The lower part of Fig. 1(b) is the cross-section view of the symmetric section and the asymmetric section. Each of the symmetric section consists of two 500 nm wide waveguides separated by a 100 nm gap. The asymmetric section consists of one 600 nm wide waveguide and one 400 nm wide waveguide separated by a 200 nm gap. The connected section consists of a strip waveguide and a tapered waveguide to connect the TE section and the TM section in Fig. 1(a) . Fig. 1 (c) corresponds to the TM section of Fig. 1(a) , consists of two parts. The upper half of the coupling region consists of three strip waveguides of different widths connected by a taper. The lower part of the coupling region is composed of a waveguide with a slot. In this paper, the refractive indexes of Si and SiO 2 are n si = 3.476 and n si o2 = 1.444 at the wavelength of 1550 nm. We use four 30 • waveguide bends with radius R for inputs and outputs. The radius R is chosen as 15 μm. In Fig. 1 , all tapers named Lt are 1.5 μm, and the losses are negligible in this case. Fig. 2 (a) plots the TE polarization power density (optical mode profile) of the symmetric section and the asymmetric section at the wavelength of 1550 nm. As shown in Fig. 2(a) , in the Le 2 section, mode 1 and mode 2 are primarily confined in the different waveguides. According to the mode matching theory [22] , the coupling rarely occurs about TE polarization in this section [23] . Taking advantage of this characteristic, the phase is controlled by adjusting the length of Le 2 , and further to compensate for wavelength-dependent coupling ratios of symmetric section [4] . We simulate the model by scanning the parameters Le 1 and Le 2 , and achieve broadband splitting ratio for TE polarization when Le 1 = 3 μm and Le 2 = 4.11 μm. In Fig. 2(b) , we plotted and compared the three dimensional finite-difference time-domain (3D FDTD) results for 50% / 50% conventional DC with our design. Within the 200 nm wavelength ranging from 1450 nm to 1650 nm, the deviations of the normalized splitting ratio are <9.0% for our design.
In order to achieve broadband splitting ratio for TM polarization, we designed a scheme in Fig. 1(c) . The idea behinds this design is to introduce a module which can split TM polarization from outputs of the TE section ( Fig. 1(b) ) with broadband wavelength. Meanwhile, the impacts of this module on TE polarization must be small. We refer to the PBS solution and design the structure shown in Fig. 1(c) . The slot width s is chosen to be 100 nm, and the narrow slot arm width ws 1 is 80 nm with consideration of the process requirements. Fig. 3(c) is the effective index of the strip and slot waveguide with various wide slot arm width ws 2 for TM polarization. It can be seen from this figure that the effective index matching condition of the TM mode is obtained when the ws 2 = 0.477 μm in the Lm 1 section. Figs. 3(a) and (b) are the corresponding optical mode distributions of TE and TM polarizations, respectively in the Lm 1 section and Lm 2 section. As shown in Fig. 3(a) , mode 1 and mode 2 of TE polarization primarily are confined in the different waveguide, so TE polarization is rarely coupled in the Lm 1 section and Lm 2 section [22] , [23] . In the Lm 1 section of Fig. 3(b) , TM mode is uniformly distributed in the strip waveguide and slot waveguide, so coupling can occur. In the Lm 2 section, the TM mode has only a small amount of coupling [22] , [23] . We can balance the coupling ratio of different wavelengths by adjusting the length of Lm 1 and Lm 2 .
In Fig. 4 , we discuss the loss of the connector between the TM section and the TE section. This figure depicts the transmission when light (from outputs of the TE section to inputs of the TM section) is fully conducted via the underlying tapered waveguide with L 3 = 3 μm, respectively Fig. 1(a) , with L 3 = 3 μm.
for both polarizations. It can be seen that the transmission is small when L 3 = 3 μm. The actual situation is better than the illustration because only part of the light is conducted via this taper. Then we simulate the entire model by scanning the parameters Lm 1 and Lm 2 with Le 1 = 3 μm, Le 2 = 4.11 μm and L 3 = 3 μm. Finally, we conclude that both TE and TM polarizations have good broadband effects when Le 1 = 3 μm, Le 2 = 4.165 μm, Lm 1 = 0.8 μm and Lm 2 = 3.6 μm.
Simulation Results
The simulation uses the 3D FDTD method. In order to make the output as a strip waveguide and facilitate the integration of the device, we flipped Fig. 1(a) as Fig. 5(a) . (In this paper, the designed DC is used as a beam splitting device and only one port inputs the light. If the nano-slot waveguide is used as an input or output, we need a device to couple the light between the nano-slot waveguide and the strip waveguide [24] .) As shown in Figs. 5(b) and (c), respectively show the power distributions of the TE and TM polarizations in the designed polarization-independent DC at 1550 nm wavelength. As can be seen from Fig. 5(b) , the TM section has almost no effect on TE polarization, which is consistent with our original design ideas. Fig. 5(d) is the normalized splitting ratio with both polarizations about this DC and conventional DC. The conventional DCs are formed with 500 nm wide, 220 nm high SOI strip waveguides separated by a 200 nm gap. Within the 100 nm wavelength range from 1500 nm to 1600 nm, the deviations of polarization-independent DC's splitting ratio for TE polarization and TM polarization are ±3.3% and ±6.2%, respectively. The deviations of conventional DC's splitting ratio for TE polarization and TM polarization are ±15.9% and ±11.8% from 1500 nm to 1600 nm. Within the 200 nm wavelength range from 1450 nm to 1650 nm, the deviations for TE polarization and TM polarization are ±9.0% and ±7.8%, respectively. Fig. 1(a) The deviations of conventional DC's splitting ratio for TE polarization and TM polarization are ±33.1% and ±23.3% from 1450 nm to 1650 nm.
In this paper, we firstly designed the TE section of our polarization-independent DC for TE polarization. And we designed the TM section, which can balance the coupling effects of different wavelengths for TM polarization and has no effect on TE polarization. As far as we know, this TM section is different from the traditional PBSs in terms of function and structure. The designed polarization-independent DC is not a simple combination between the traditional DC and PBS. As shown in Fig. 5 , the entire device impacts the TM polarization. The power splitting ratios of our broadband DC are much less sensitive to the operation wavelength than those of the conventional DCs for both the TE and TM polarizations. Through our design, DC simultaneously achieves polarization-independence and broadband. Fig. 6(a) shows the transmission efficiency of the entire device. As can be seen from this figure, the excess losses are <0.1 dB with a bandwidth of >200 nm for TE polarization and <0.6 dB with a bandwidth of >200 nm for TM polarization. The excess losses are low for both polarizations and can be further reduced by optimizing the length of the taper in the schematic. The fabrication tolerance of the proposed device is also studied and shown in Fig. 6(b) . The fabrication error is defined as w, then the widths of the strip waveguides, such as ws 1 , ws 2 and other widths of the strip waveguides in the TE and TM sections, will add w. The width of the slot in the TM section, as well as the widths of gaps in the TE and TM sections will minus w [25] . We simulated the entire coupling region in the range of −10 nm to +10 nm. It can be found that a variation w within ±10 nm will have a slight effect on the polarization-independent DC for TM polarization. As shown in Fig. 6(b) , the variation has some influence on TE. If we know the value of the fabrication tolerance, this effect can be adjusted by appropriately changing the lengths of Le 1 , Le 2 , Lm 1 and Lm 2 .
Conclusion
In summary, we proposed a novel broadband polarization-independent DC with two-stage cascaded DC using asymmetric-waveguide. Our method provides a new way of designing polarization-independent devices. The coupler with 50% splitting ratio is designed to operate in the wavelength from 1450 nm to 1650 nm for both polarizations. The bandwidths for splitting ratio are broad for both polarizations. The simulation results show low excess losses (<0.6 dB) for both polarizations. The footprint of this polarization-independent DC is only 21 μm × 1.6 μm. The footprint can be further reduced by reducing the width of the gap in the coupling region [15] . And the polarization-independent DCs with different split ratios can be designed by using the methods mentioned in this paper. Such broadband polarizing-independent DCs show great potential to develop densely integrated on-chip photonics circuits.
